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ABSTRACT
Cross-bicoherence analysis is one of the important nonlinear signal processing tools which is used to
measure quadratic phase coupling between frequencies of two different time series. It is frequently used
in the diagnosis of various cognitive and neurological disorders in EEG (Electroencephalography) analysis.
Volume conduction effects of various uncorrelated sources present in the brain can produce biased
estimates into the estimated values of cross-bicoherence function. Previous studies have discussed
volume conduction effects on coherence function which is used to measure linear relationship between
EEG signals in terms of their phase and amplitude. However, volume conduction effect on crossbicoherence analysis which is quite a different technique has not been investigated up to now to the best
of our knowledge.
This study is divided into two major parts, the first part deals with the investigation of VCUS (Volume
Conduction effects due to Uncorrelated Sources) characteristics on EEG-cross-bicoherence analysis.
The simulated EEG data due to uncorrelated sources present in the brain was used in this part of study.
The next part of study is based upon investigating the effects of VCUS on the statistical analysis of
results of EEG-based cross-bicoherence analysis. The study provides an important clinical application
because most of studies based on EEG cross-bicoherence analysis have avoided the issue of VCUS. The
cross-bicoherence analysis was performed by detecting the change in MSCB (Magnitude Square CrossBicoherence Function) between EEG activities of change detection and no-change detection trials. The
real EEG signals were used which were recorded from 15 healthy subjects performing the visual modified
delayed matching-to-sample paradigm experiment. The results obtained showed the significant effects of
VCUS on the statistical analysis of the results for comparatively short inter-electrode spacing less than
the 4cm.
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INTRODUCTION

EG are electric potentials which are recorded from
the brain. Literature discusses various clinical
applications of EEG in the field of neurology [13]. Over the years, various signal processing techniques
have been developed in order to study the EEG signals
*
*
***

for different cognitive and neurological disorders. These
signal processing techniques can be divided into linear
and non-linear techniques. The coherence function is the
linear signal processing method which reveals linear
relationship between EEG signals in terms of their phase
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and amplitude [4]. It has been frequently used in EEG
analysis to identify the functional relationship between
EEG activities and therefore it has various clinical
applications in neurology [5-8]. The major disadvantage
of coherence analysis is that it does not reveal nonlinear
relationship between signals and therefore it is not useful
method for identifying the nonlinear relationship between
EEG signals. Literature reports EEG signals of various
neurological and cognitive disorders which show the
nonlinear relationship [9-14]. The cross-bicoherence
function is one of signal processing tools which reveals
nonlinear relationship between EEG signals in terms of
QPC (Quadratic Phase Coupling). Two signals are said to
be quadratically phase coupled if, following relationship
holds: ω1+ω2=ω3; ϕ1+ϕ2=ϕ3, where ω1,ω2,ω3 are frequencies
of signals having phases φ1,φ2,φ3 respectively. The crossbicoherence for a time series x(t1),and y(t2) whose Fourier
transforms at three different frequencies ω1,ω2, and ω3 are
X(w1),Y(w1),and Y(w1+w2) is given by the relation
C (ω1, ω 2 ) =

(ω1, ω2 )
y
x
P (ω1 )P (ω1 + ω 2 )
B

xy

(1)

where Bxy(ω1,ω2)=X(ω1)y(ω2) Y *(ω1+ω2) is the crossbispectrum and Px(ω1)=X(ω1) X *(ω1) P y (ω2)=Y(ω2)
Y*(ω2) and Py (ω1+ω2)=Y(ω1+ω2) Y*(ω1+ω2) are the power
spectra at frequencies ω1,ω2,and ω3 respectively. The
Equation 1 is normalized cross-bispectrum whose larger
and smaller values reveals strong and weak
relationship between the three harmonic components.

The VCUS effects present in the brain can produce the
biased estimates into the results of EEG bicoherence
analysis by introducing the artificial bicoherence into its
true value. There is some considerable literature regarding
the VCUS effects [30-32], most of this work is based on
the spherical models of the head in which various
characteristics of VCUS on Fourier-based coherence have
been discussed. Literature discusses some useful
techniques for minimizing the VCUS effects on the Fourierbased coherence function, among them the most
commonly and useful technique is based upon the SL
(Scalp Laplacian) [33]. The SL is the second order spatial
derivative of scalp potential which is the useful
approximation of radial scalp current density. The radial
scalp current density has the efficiency to minimize the
activity generated by so neighboring sources and
because of this SL-based coherence function has been
found a useful tool for minimizing the VCUS effects.
However SL-based coherence method does not replace
the conventional EEG-based coherence method as an
alternative tool for examining EEG signals. This is
because SL-based coherence analysis provides suitable
estimation when neighboring electrodes are present with
at most inter-electrode spacing of 3.2cm. Even though
various interpolation methods have been developed to
address this issue, the artificial coherence due to the
spline coefficients is major issue [4]. Therefore the use
of both EEG and SL-based coherence methods is suitable
for the comprehensive understanding of coherence
analysis.

2.

MAIN OBJECTIVES OF STUDY

The literature reports various clinical applications of
cross-bicoherence function in neurology. For example
it has been used to study the levels of anesthesia
[15-19], to understand the neurophysological
mechanism of cognitive processes [20-22], to examine
the changes in EEG patterns of full term newborns
[23] and to examine the relationship between nonlinear
interaction and seizure activity [11,24] and various
other disorders [25-29].

As mentioned earlier that literature discusses VCUS effects
on coherence function which is quite a different technique
than cross-bicoherence function. The volume conduction
effects on cross-bicoherence function have not been
investigated to date to the best of our knowledge.
Therefore this study investigates the VCUS present in the
brain on cross-bicoherence function. A real EEG data and
the simulated data to uncorrelated sources present in the
brain, which was based upon the four-spherical shell model
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of head, were used in order to examine the effects of VCUS
on cross-bicoherence function. Some important
characteristics of VCUS effects on cross-bicoherence were
investigated which can be proved useful in detecting
biased estimates of cross-bicoherence function due to
VCUS effects.
The next part of this study demonstrates the importance
of minimizing the VCUS effects in the study of crossbicoherence difference between EEG activities of change
detection and no-change detection trials. This study has
important clinical application, because most of studies
based on comparing cross-bicoherence function of two
different EEG activities have avoided the issue of VCUS.
The real EEG signals were used which were recorded from
healthy subjects performing the visual modified delayed
matching-to-sample paradigm experiment. This study was
performed as follows. The MSCB (Magnitude Square of
Cross-Bicoherence) functions corresponding to real EEG
of change detection and no-change detection trials were
compared to each other. The difference in the EEG-based
MSCB function was assessed using the Wilcoxon ranksum test. The same study was repeated using the SLbased MSCB function. Finally statistical significance of
both studies which were based on EEG-based MSCB and
SL-based MSCB functions were compared for examining
the VCUS effects on the statistical analysis of results.

3.

METHODS

3.1

EEG Recording

The EEG for this study were recorded in the laboratory of
the Centre for Cognition and Neuroimaging at Brunel
University. The healthy group of 15 subjects was selected
from the group of people who were recruited as paid
volunteers through advertisements. The subjects were
diagnosed from trained neurologist and General physician
for any mental and physical disorder respectively and no
sign of mentally and physically disorder was observed.
The ages of subjects were between 16 and 25 years. The
EEG recording was made for eliciting the ERP (Event

Related Potentials) using 64 electrodes whose positions
were adjusted on scalp according to extended 10-20 system
of electrode's position. ERPs were recorded through
modified delayed matching-to-sample paradigm experiment
[34]. In this experiment, each subject was shown 18 pictures
(called here stimuli) selected from the study of [35]. The
subjects were shown pictures in three ways. In first
condition, only single picture was shown to the subject.
In second condition, two same pictures were shown to
the subjects. And in third condition two different pictures
were shown to the subjects. The subjects, who were sitting
in front of computer screen, were instructed to press the
mouse key if they were confident in recognizing the
similarity or non-similarity. The trial was called hit trial if
subjects were successful in recognizing the similarity or
non-similarity otherwise it was called false trial. Each trial
appeared with the time interval of 3.2 seconds and time
duration between each picture in each trial was fixed to 1.6
seconds.
The sampling rate for converting ERPs into digital signal
was set to 256Hz. The artifacts caused by the subjects as
well as by the external sources were carefully minimized
during the recording procedure. The subjects were asked
to avoid any unnecessary movement of their body parts
including their eyes. The bandpass filter of range 0.0250Hz was also used for filtering out the low frequency
artifacts of electrogalvanic signals and high frequency
artifacts of electromyographic signals. The artifacts caused
due to electromagnetic radiation were minimized by
recording the ERPs in a sound attenuated radio frequency
shielded room.

3.2

Simulation of EEG

EEG data was simulated using the following equations
based on the 4 concentric sphere model of the head as
described in [4].
V20
2
−0.15θ
= 34.1e
+ 1.29 − 0.123θ + 0.00164θ
V0
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V40
−0.10θ
2
= 27.4e
− 5.49 + 0.203θ − 0.00234θ
V0

global method based on Perrin method [39]. The local
(3)

method comparatively provided better value of SL. Its
characteristics as mentioned in the literature were more

V80
−0.10θ
= 13.4e
− 0.155 − 0.0135θ
V0

close to the real value of the SL as compared to the one
(4)

estimated using global method. The global method based
SL produced interpolation noise. Therefore Hjorth method
was selected for further analysis and it was estimated using

V40
1d
=
where
V0
4πσR 2
The Equations (2-4) correspond to brain-to-skull
conductivity ratio of σ1/σ3=20,40, and 80 respectively.
The potentials V20 ,V40,V80 are normalized potentials with
respect to the potential V0 . The scalp radius R of length
9cm and the current of 1μA flowing between poles of
dipole length 1mm having the resistivity of 300 Ωcm was
used in order to estimate V0. The Equations (2-4) are

the following relation:
x (t ) = x2 (t ) + x3 (t )x4 (t )
I (t ) = x(t ) − 1
4

(5)

where x1(t), x2(t), x3(t),and x4(t) are scalp potentials recorded
at electrodes which are nearest neighbors to the position
of electrode where scalp potential x(t) is measured.

3.4

Estimation of cross-bicoherence

derived for scalp conductivity equals to brain

The cross-bicoherence is non-linear signal processing

conductivity, and with csf (Cerebrospinal Fluid)

method which measures the relationship between three

conductivity equals to five times the brain conductivity.
The radial distances of skull surface, cerebral spinal
fluid layer, brain surface, dipole EEG source are assumed
8.5, 8,7.9, 7.8 cm respectively. The angle q is defined for
the interval of [0,50°].

3.3.

Estimation of the Scalp Laplacian

frequency components in terms of QPC. The crossbicoherence of two EEG time series x(t) and y(t) and their
corresponding SLs Ix(t) and Iy(t) respectively were
estimated following the method of [36] which is based
upon average cross bicoherence across all repeated trials.
Let xn(t1) and yn(t2) be the single trial time series whose
fast Fourier transforms at two different frequencies are

The techniques for estimating the SL can be divided into
local [33,37-38] and global methods [39-40]. In local

Xn(ω1) and Yn(ω2) respectively. The cross-bicoherence was
computed using the following relation:

methods , the SL at electrode position Xo is approximated
by the scalp potentials recorded from the nearest positions
to the electrode position Xo. The Equation (2) outlines the
method for estimating the SL using one of the local

(
)
( ) ( ) (

n =m xy
Σ n −1 Bn ω1 , ω 2
y
y
x
Pn ω1 , Pn ω 2 Pn ω1 + ω 2

)

(6)

methods. The global methods are based on various
interpolation techniques and they are suitable when

Equation (2) outlines the procedure for estimating the

neighboring electrodes are not available. However global

cross-bicoherence function. Let [x 1(t 1 ), x 2 (t 1 ), x 3

methods produce artificially high coherence due to the

(t1)…xm(t1)] and [y1(t1), y2(t1), y3(t1)…ym(t1)] be the series

coefficients of spline. The SL was estimated using both

of repeated trials whose corresponding fast Fourier

the local method based on Hjorth method [33] and the

transforms are [X1(ω1), X2(ω1), X3(ω1)…Xm (ω1)] and
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[Y1(ω1), Y2(ω1), Y3(ω1)…Ym (ω1)] respectively. The cross-

4.

RESULTS AND DISCUSSION

x

bicoherence for each trial is Bn y(ω1,ω2)=Xn(ω1) Yn(ω1)
Yn*(ω1+ω2). The power spectra of two time series at
three frequencies ω1, ω2,and ω1+ω2 in each trial are
Pnx(ω1)=Xn(ω1) Xn*(ω1), Pny(ω2 )=Yn(ω2 ) Yn*(ω2), and Pny(ω1
+ω2)=Yn(ω2 ) Yn*(ω2) respectively. After estimating the
average of cross-bispectra and power spectral densities
across repeated trials, the estimates for cross and auto
spectra and they lead to the estimate of cross-bicoherence
as expressed in Equation (2). The The magnitude square

Positions of electrodes on various regions of the brain
are shown in Fig. 1. The VCUS effects on crossbicoherence were analyzed using the simulated data
generated due to uncorrelated brain sources. In order o
assess the effects of inter-electrode spacing on MSCB
function due to VCUS, the average of MSCB was taken
across frequencies w1 and w2. The average MSCB
function was then examined between electrode X and
rest of the electrodes on the scalp. The results were

of cross-bicoherence which is abbreviated as MSCB is

examined using the topographic maps. The larger MSCB

estimated by taking the square of the absolute value of

function was examined for short inter-electrode spacing

Equation (2).

and it gradually decreased as inter-electrode spacing

3.5

increased. The topographic maps as shown in Fig. 2

Statistical Analysis

were proved to useful tool in examining the effects of

The estimation of the cross-bicoherence using a number

inter-electrode space on the average MSCB function due

of repeated trials has a bias and variance and therefore it

to VCUS. For example Fig. 3 shows one of the

is important to examine whether the estimated value of is

topographic maps in which average MSCB function due

statistically significant or not. The statistical significance
of cross-bicoherence was assessed by the following

)

electrodes on scalp is shown. Fig. 2 clearly indicates
that intensity of average MSCB function decreases as

relation [41]:

(

to VCUS effects between electrodes CPZ and rest of the

the inter-electrode spacing between electrode CPZ and

T ω1, ω2 >

other electrodes increases. The average MSCB function

2e
(7)

m

is larger in intensity for electrodes which are nearest
neighborhood to the electrode CPZ. However this

Where m represents the number of repeated trails. The
error e is estimated by the relation:

intensity tends to decreases as the inter-electrode
spacing increases. The MSCB function due to VCUS
effects was also found dependant on the angular distance

(
(

)

1
⎞2

⎛
C ω ,ω
⎟
ε C ω1, ω 2 = ⎜ max max 1max2
max ⎟
⎜ω
ω
ω1
+ ω2
m⎠
⎝ 1
2

[(

)]

)

of electrode's position. This is because a gradual decrease
(8)

in MSCB function as a function of inter-electrode spacing
was observed only for increase in inter-electrode spacing
in fixed direction otherwise the results were not consist.

where ω1max, and ω1max are maximum values of frequencies.

Several values of MSCB function were observed which

The statistical significance was set to 95% and any value

showed either increase or decrease in values for inter-

less than

2e
m

was rejected.. The non-parametric Wilcoxon

electrode spacing which was increased in different

rank-sum test was applied in order to examine the cross-

directions rather than in some fixed direction.

bicoherence difference between EEG activities of change

The effects of frequencies w1 and w2 were also examined.
The MSCB function due to VCUS was found independent
of both frequencies w1 and w2. This result is illustrated in

detection and no-change detection trials. The p-value of
0.05 was considered as the significant level.
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Fig. 3 in which MSCB between two nearest pair of
electrodes C1 and C3 is shown. The values of MSCB

function due to the VCUS effects is large because of larger
VCUS effects due to minimum inter-electrode spacing.
However, it is clear in Fig. 3 that MSCB is almost constant
in frequency domain of ω1 and ω2. The SL-based MSCB
values were found almost zero as compared to the values
of corresponding EEG based MSCB function which
provides an evidence that SL-based MSCB function
minimizes the effects of VCUS effects.
The results of next part of study are discussed below
which was based on examining the VCUS effects on the
difference in MSCB function between EEG activities of
change detection and no-change detection trials. The most

FIG. 1. POSITION OF ELECTRODES BASED ON EXTENDED
10-20 SYSTEM

of real EEG-based MSCB spectra for comparatively smaller
inter-electrode spacing was found independent of both
frequencies w1 and w2 and it was showing gradual decrease
with the increase in inter-electrode spacing. This leads to
the conclusion that such MSCB spectra were affected by
VCUS effects because it was shown previously in this
study that EEG-based MSCB function due to VCUS effects
does not change with frequencies w1 and w2 and depends

FIG. 2. THE INTENSITY OF MSCB FUNCTION BETWEEN ELECTRODE CPZ AND REST OF ELECTRODES THE INTENSITY IS LARGER
FOR THE NEAREST ELECTRODES TO CPZ AND FOR LARGER DISTANCE THE INTENSITY OF CPZ IS COMPARATIVELY LOW IN
VALUE
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upon the inter-electrode spacing. On the other hand
corresponding SL-based MSCB spectra showed
dependence on both frequencies w1 and w2 which provides
the evidence that SL-based MSCB has the ability to
minimize the VCUS effects. The Tables 1-2 show the
difference of EEG and SL-based average MSCB functions
(across all subjects) between corresponding change
detection and no-change detection trials with the score of
Wilcoxon rank-sum test for inter-electrode spacing of larger
than 7cm and for inter-electrode spacing of less than 4cm

respectively. As shown in these tables that both SL and
EEG-based average MSCB functions exhibit larger value
for change detection trial as compared to those for nochange detection trials. However, the Wilcoxon rank-sum
test could not reveal any statistically significant difference
between average MSCB functions of change detection
and no-change detection trials. The noticeable change
into the level of statistical significance due to VCUS effects
was observed for both SL and EEG-based MSCB analysis
which is discussed as.

FIG. 3. THE MSCB FUNCTION DUE TO VCUS SOURCES IS ALMOST CONSTANT AT ω1 AND ω2 FREQUENCIES
TABLE 1. THE DIFFERENCE IN MSCS BETWEEN MATCHING AND NON-MATCHING TRIALS FOR INTERELECTRODESPACING LARGER THAN 7CM

SL-Based EEG-Based

MSCB
Method

F1-F6

F3-F4

F2-F5

P1-P6

P4-P5

P6-P3

MT

0.60

0.67

0.61

0.78

0.43

0.53

NMT

0.48

0.56

0.73

0.70

0.31

0. 41

MT

0.61

0. 65

0.52

0.70

0.41

0.51

NMT

0.50

0.59

0.69

0.52

0.30

0.42

P

0.40

0.39

TABLE 2. THE DIFFERENCE IN MSCS BETWEEN MATCHING AND NON-MATCHING TRIALS FOR INTER ELECTRODE
SPACING LESS THAN 4CM

SL-Based EEG-Based

MSCB
Method

F1-F6

F3-F4

F2-F5

P1-P6

P4-P5

P6-P3

MT

0.71

0.90

0.82

0.51

0.83

0.88

NMT

0.40

0.62

0.52

0.73

0.91

0.61

MT

0.50

0.72

0.61

0.30

0.61

0.73

NMT

0.31

0.50

0.39

0.51

0.74

0.50

P

0.20

0.31
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As shown in Table 2 that for inter-electrode spacing of
less than 4cm, the EEG based MSCB analysis reveled
larger statistical significance as compared to the one
corresponding to the SL-based MSCB analysis. Such
increase in statistical significance in EEG-based MSCB
analysis is due to the presence of VCUS effects. This
justification results due to the fact that most of EG-based
MSCB spectra for inter-electrode spacing of less than 4cm
were found affected by VCUS effects whereas
corresponding SL-based MSCB spectra were found close
to a true MSCB spectra. For inter-electrode spacing larger
than 7cm, the spectra of both SL and EEG-based MSCB
functions were found qualitatively close to the true MSCB
spectra. And because of this as shown in Table 1 that
both SL and EEG-based MSCB methods exhibit smaller
difference in p-value. The MSCB spectra obtained using

change detection trials. The results showed that VCUS
effects might introduce the significant biased estimates
into the results of such study if the inter-electrode spacing
is less than 4cm. However VCUS effects showed minor
effects on the results of study for inter-electrode spacing
of larger than 7cm. The results of this study put a question
mark on several MSCB studies which are based upon
smaller inter-electrode spacing and in which VCUS effects
have not been minimized while comparing the EEG-based
MSCB function between two or more than two different
EEG activities.
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the inter-electrode spacing of larger than 7cm shows
comparatively very less effects of VCUS on the results of
study based on difference of MSCB function between
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